ϩ channels, and organic solute transporters, regulated by cAMP, cGMP, nitric oxide, and calcium. In addition to generation and selective reabsorption of primary urine, the tubule plays roles in metabolism and excretion of xenobiotics, and in innate immunity. The gene expression resource FlyAtlas.org shows that the tubule is an ideal tissue for the modeling of renal diseases, such as nephrolithiasis and Bartter syndrome, or for inborn errors of metabolism. Studies are assisted by uniquely powerful genetic and transgenic resources, the widespread availability of mutant stocks, and low-cost, rapid deployment of new transgenics to allow manipulation of renal function in an organotypic context. nephrolithiasis; renal acidosis; xanthinuria; Bartter syndrome; stem cells
The Need for Models of Renal Function
THE RENAL SYSTEM OCCUPIES a critical and privileged role in the body. As it filters the entire blood volume every few minutes, it is positioned not just for osmoregulation and elimination of waste, but receives early indications of immune, toxic, and other insults to the body. To aid our understanding at all levels, from medical to biophysical, it is necessary to identify models that are informative for the question posed. Historically, ion and solute transport has been modeled with simpler preparations, from frog skin to toad bladder; at present, transgenic mouse models present potent, although cumbersome, systems to assess gene function in an organismal context. This review will outline the emerging and exciting benefits (and limitations) of the simple genetic model, the fruit fly Drosophila melanogaster, as a quick, inexpensive and surprisingly relevant system for study of development, transport, defense, and renal disease.
Speed and Cost
There is a trade-off between genetic power and biomedical relevance in any experimental system (22) . At one extreme, Escherichia coli divide every 20 min and so allow genetic mutagenesis and selection to be performed overnight on populations of hundreds of millions. At the other, human renal physiology is essentially an observational science; the range of experimental interventions is ethically circumscribed, and mutational analysis is based on serendipitous (rare) occurrences. In this context, the mouse, with its combination of mammalian body plan and established transgenic technology, provides an excellent balance of relevance and power (55, 65, 66) . Nonetheless, it takes several years and tens of thousands of dollars to produce a new experimental mouse, and so investigation obligatorily occurs against a background of major, and reliably renewed, grant funding. By contrast, stock Drosophila transgenics can be obtained by mail for a few dollars and custom transgenics for a few hundred dollars, in 3 mo from drawing board to laboratory bench. Strategic use of the fruit fly thus confers significant nimbleness to a research program, and it is even possible to use Drosophila as a test-bed for subsequent mouse transgenic work, thus obtaining both cost, speed, and ethical (3Rs: "replacement, reduction, refinement") (40) advantages.
However, given the intellectual investment required to embrace a new model, two issues must be addressed first: relevance of the model to biomedical research and benefits that potentially accrue.
Relevance to Humans
At first sight, the insect body-plan might seem too far from human to be useful. Insects have a hemocoel (blood-filled body cavity) rather than a vascular blood system, and the renal tubules float freely in the hemocoel. Furthermore, the insect renal system is aglomerular, and urine formation is based on active transport rather than selective reabsorption of an ultrafiltrate (5). However, these are not necessarily problems; Drosophila tubules are easily dissected intact, without painstaking microdissection (24) . As discussed below, the insect nephrocyte/tubule system represents an intermediate step in the evolution of the glomerular kidney. Additionally, the basic tasks performed by the two systems are fundamentally similar: transport, excretion, and osmoregulation. In addition, the machinery by which these tasks are accomplished is also instantly recognizable. Of the simple models, Drosophila is comfortably the best in terms of homology; despite 400 million years of divergent evolution, 70% of Drosophila genes have clear human homologs (9) . For the kidney, the case is even better, as the strict steric constraints on transport proteins allow even closer parallels do be drawn at the transcriptome level (64) .
Benefits of Drosophila
Not only do the two renal systems have more in common than might be suspected, but the advantages conferred by Drosophila genetics are immense.
Sequenced, compact genome. The genome is 180 Mb, of which ϳ130 Mb is euchromatin, making it about the size of a single human chromosome. The number of genes is ϳ13,500, broadly comparable with humans, and ϳ70% of Drosophila genes have human homologs (9) .
Mutants for one-half of genes. The far-sighted pioneers of Drosophila biology placed their precious mutants into publicdomain stock centers, which ship by mail. So, for example, it is possible today to work with the direct descendants of white 1 , the first mutation ever discovered in Drosophila (in 1910, by Thomas Hunt Morgan), incidentally an ABC transporter with massive renal expression (26) . The tradition of freely sharing reagents continues to this day.
RNAi stocks for nearly all genes. In addition to classic mutants and P-element insertional alleles, systematic mutagenesis programs have produced RNAi lines for nearly all Drosophila genes (20) . Again, these are available by mail at nominal cost.
Tissue-and cell type-specific drivers. One of the key advantages for organotypic study of gene function is the ability to drive transgenic constructs (reporter fusions, overexpressors, dominant negatives or RNAi) in cell types or at times of the experimenter's choosing. This is made possible by the binary GAL4/UAS system of adapted P-elements (8), composed of generic GAL4 "driver" flies (in which the innocuous yeast GAL4 transcription factor is expressed in a specific pattern) and UAS lines (in which cargoes of interest are placed downstream of the UAS element bound by GAL4). With an appropriate panel of renal-specific GAL4 drivers (e.g., see Ref. 60 ), experiments of great physiological precision are possible; for example, Drosophila was the first animal in which genetically encoded calcium reporters were expressed, to study real-time renal calcium signaling (51) .
Ready-to-go vectors for promoter analysis, transgene expression, GFP and epitope fusions (1, 7), and for generation of dsRNA (41).
Although P-element-mediated transformation is very potent, it has also proved possible to mutate flies sequence specifically with both ends-out and ends-in homologous recombination (50) .
Speed and cost. The Drosophila life-cycle lasts ϳ2 wk, so multigenerational breeding experiments are performed easily. Each line of flies costs ϳ$20 a year to keep alive, so it is possible to maintain a panel of informative "reagents" for long-term use.
The Drosophila Tubule
A brief diagrammatic overview of the tubule is provided in Fig. 1 . The four tubules are packed as two pairs in a tightly determined, asymmetric pattern within the thorax and abdomen, and their main segments are composed of two main cell types; a metabolically active principal cell, and the smaller, intercalated stellate cell.
Development
There are uncanny similarities between development of flies and humans; indeed, homeotic genes were famously discovered in flies (52) . Accordingly, the development of the Drosophila tubule has been studied in immense detail (6) as a model for tubulogenesis (57) . The similarities in renal development between the two organisms have been reviewed elsewhere (18, 70) ; however, critically, both involve cells from more than one embryonic lineage, one of which undergoes a mesenchymal-to-epithelial transition (MET). The sequence is as follows.
1) Cell specification. A group of cells at the front of the hindgut are specified to a tubule fate by Kruppel and Cut; ectopic expression of these cells elsewhere in the gut leads to excretory competence, but not ectopic tubules (31) .
2) Eversion of tubule primordia. Kruppel expression is refined to four clusters of cells, which acquire distinct dorsoventral identities under control of Decapentaplegic and Brinker (31).
3) Cell division. Initially all, then later a subset of cells under control of Wingless and Spitz (61), undergo two to five rounds of division.
4) Elongation by rearrangement. The short, fat tubules are elongated by rearrangements at cell-cell junctions. Simultaneously, the two pairs of tubules ramify into precisely defined areas of the body cavity, with the right-hand pair lying next to the gut anteriorly, and the left pair wrapping around the hindgut. Such lateral asymmetry is reminiscent of the human body plan. Mutations in punt or schnurri cause abnormal localization of tubules within the body cavity (6). 5) Mesenchymal recruitment. As the tubules elongate, a population of caudal mesoderm cells, expressing Tiptop and Teashirt, intercalate in specific regions of the tubules; they undergo MET and become the secondary or stellate cells (18) . This is reminiscent of MET in development of the human nephron (57) . Disruption of Hibris signaling compromises this insertion and is eventually fatal (18) . 6) Functional differentiation. As embryonic development completes, the tubule develops functional competence, as is visible from the formation of uric acid crystals (43) . As will be discussed later, urate nephrolithiasis is constitutive and symptomless in insect renal tubules (46) .
Stem Cells and the Potential for Regeneration
A good model for stem cell regeneration in the kidney is important, because 1) some renal carcinomas can be ascribed to stem cell populations that escape normal controls, perhaps as a result of chronic inflammation (3); and 2) stem cell cloning (48) may itself provide a path to therapeutic replacement of kidneys damaged by polycystic kidney disease or malignancy (48, 58) . It is thus interesting to explore the relevance of stem cell models in the genetically potent model Drosophila to human medicine.
In flies, the cell numbers established in embryogenesis are normally fixed throughout the life of the fly, and remarkably consistent between individuals (60). However, cells with properties resembling stem cells have been identified in the lower tubule. Under appropriate conditions, they divide and differentiate into both the two major cell types (principal and stellate), thus recapitulating cells with both ectodermal and mesenchymal origins (58) . Furthermore, manipulation of the JAK/STAT pathway in just tubule stem cells is sufficient to produce tumorous overgrowth (58) .
Nephrocytes and Evolution of the glomerular Kidney
A conceptual barrier to the adoption of Drosophila as a kidney model is that invertebrate renal systems are aglomerular and so lack the structural complexity of the glomerular kidney. However, recently, it has been proposed that insects represent a window into the evolution of the glomerular kidney, specifically that the podocytes and the tubule have recognizable homologs in insects, but which are physically separate within the body cavity (70) . The insect tubule is, of course, recognizable as an analog of the vertebrate renal tubule. It generates a primary urine, selectively reabsorbs some solutes, and like the vertebrate kidney has several distinct morphological and physiological regions. There is a second class of excretory cell in insects, i.e., nephrocytes. These cells sit singly or in small clusters ("garland cells") within the body cavity and are known for roles in detoxification by filtration and endocytosis, followed by metabolism or sequestration. Furthermore, the nephrocyte plasma membrane is thrown into deep infoldings of ϳ30-nm diameter, guarded by nephrin-containing barriers, strongly reminiscent of the glomerular podocyte slit diaphragm. The proposal is thus that in insects both filtration and transport roles exist in different tissues, but that it has not been evolutionarily necessary to bring them together (Fig. 2) .
Why has this not proved a necessary adaptation? The key may lie in the relative size of the organisms, and thus of the tasks faced by their renal systems. In insects, a combination of diffusion and stirring from mechanical movements of the body, combined with the action of a dorsal heart, suffices to maintain hemocoel mixing. Added to this, the tubules are capable of transporting their own volume of fluid every 10 s (the fastest per-cell rate known) (44) . The size and high transport rates apparently render a pumped ultrafiltration system unnecessary. By contrast, the much larger body plan of most vertebrates demands a pumped vascular circulation. That is, the structural specializations required to provide excretory oversight of rapidly circulating blood are more extreme. Insects may thus provide a unique opportunity to dissect the differing contributions of these two cell types (nephrocyte and tubule epithelia) to our sophisticated kidney structure (glomerular capillaries/ podocytes and transporting epithelia/nephron).
Function
As insect tubules can move their own cell volumes of fluid every 10 s, they offer an excellent model for the study of ion transport (6, 22) . The middle region of the tubule (the "main segment") (60) generates the primary urine, and two specialized cell types are involved (Fig. 1C) . Four classes of transporters dominate the metabolically active principal cell: a basolateral Na ϩ -K ϩ -ATPase (63) and basolateral inward-rectifier K ϩ channels (25) , and apically, a plasma membrane V-ATPase (15) , and an alkali-metal/proton exchanger of the NHA, rather than the more familiar NHE, family (17) . Together, these transporters and channels effect the active transport of potassium from the basolateral (hemocoel) to apical (tubule lumen) surface. The stellate cells provide the anion shunt conductance and water conductance via chloride channels (47) and aquaporins, respectively. Chloride is also thought to move paracellularly through the tight (in insects, septate) junctions, although the relative contributions of transcellular and paracellular routes may vary between insects. The Na
Ϫ exchanger (NDAE1) (54) and Na
Ϫ cotransporter (NKCC) (34) are also present in tubules and may contribute to transepithelial chloride flux.
Disease Models
Drosophilists have moved with great speed to apply their favorite organism to human disease. Many of the analogies drawn are rather labored. Nevertheless, both renal function, and the underlying genes responsible, are rather well conserved; so some of the best Drosophila models of human disease occur in the renal context. Table 1 illustrates this point, showing that many of the classic human renal disease loci have Drosophila cognates that are both very close in sequence similarity (assessed by BLASTP) and with enriched expression in the Drosophila tubule (assessed by microarray).
Transport genes. The first animal knockout of a V-ATPase subunit was demonstrated in Drosophila (15) . The vha55 gene, encoding the B subunit, was shown to be essential, and dying animals had a renal acidification deficit, shared with mutations in any of the plasma membrane V-ATPase genes (2) (Fig. 3A) . Drosophila work thus presaged the subsequent discovery that sublethal human V-ATPase mutations demonstrated renal tubular acidosis (38) . Several classes of Bartter syndrome, saltwasting diseases of the newborn, also have close homologs in Drosophila (Table 1) . Of note, ATP-sensitive inward rectifier potassium channels (Kir) have been shown to be important in Drosophila renal function, as fluid secretion can be blocked with a spectrum of sulfonylurea antidiabetics (25) . Drosophila tubules also express four aquaporins (Drip, CG17664, CG7777, and CG4019) at high levels (64) and are sensitive to organomercurials (23) ; one of the genes, Drip, has been shown to encode a functional water channel specifically in the secondary, stellate cell (39) .
Inborn errors of metabolism and nephrolithiasis. Interestingly, many human genetic diseases result from mutations of metabolic enzymes. Typically, the result of such a mutation is the depletion of downstream metabolites and the accumulation of upstream metabolites. While the former can often have serious sequelae, the renal system is often left to cope with the latter (accumulation). This is why nephrolithiasis frequently accompanies other presentations of inborn errors of metabolism (IEMs) (12, 69). Xanthinuria results from a breakdown of purine metabolism. Xanthinuria type I results from mutations in xanthine oxidase (19) , and xanthinuria type II from defects in molybdopterin cofactor sulfurase, the enzyme which inserts the molybdenum-containing cofactor into molybdoenzymes such as xanthine oxidase (35, 67) . Intriguingly, the Drosophila homologs (rosy and maroon-like) have long been known to recapitulate this form of nephrolithiasis, showing reduced viability, sensitivity to dietary purines, and bloated, malformed renal tubules (Fig. 3B) , blocked by orange concretions (29) . Laborious biochemical analysis (27, The Homophila database (9) of Drosophila cognates of human genetic disease loci was mined for terms such as "nephro," "renal," "emia," or "acidosis," and the expression patterns of Drosophila cognates were assessed using the FlyAtlas.org online resource of tissue-specific Affymetrix microarray data (10) . Genes shown here are ranked by their enriched expression in tubules compared with the whole fly, taking a BLAST threshold of 1E-10 as interesting. MDR1, multidrug resistance 1; AQP2, aquaporin-2. Fig. 3 . Examples of renal disease models in Drosophila. A: first instar larvae heterozygous or homozygous for a null mutation of a V-ATPase subunit, viewed by transmitted light (top) or birefringence (lower). The healthy heterozygotes have tubules packed with birefringent uric acid crystals; the dying homozygous sibs are unable to precipitate urate as uric acid. This phenotype is observed in null alleles of all 13 genes that encode the renal V-ATPase holoenzyme (2) . B: tubules from rosy mutants (bottom) are bloated and deformed compared with wild-type (top), as a result of blockage by xanthine concretions (out of plane of photo). This recapitulates the symptoms of the analogous human disease, xanthinuria type I (64) . C: birefringent calcium oxalate crystals forming in the initial segment of isolated tubules incubated in oxalate-containing medium (Cabrero P, personal communication). The relatively transparent tubules thus allow nucleation of oxalate stones to be followed in real time. 45 ) and the cloning of candidate loci in Drosophila resulted in a clear understanding of the nature of the disease even as it was being described for the first time in humans. This must form one of the better Drosophila models of a human disease, and the metabolic perturbations have recently been followed further by metabolomics; perturbations in metabolite levels of rosy and maroon-like are broadly similar, and are detectable up to four metabolites away from the molecular lesion (37), allowing experimental testing of mathematical models for purine metabolism (14) .
Drosophila tubules are relatively benign test-beds for stone disease. The simple tubule architecture means that stones are rarely lethal. Indeed, insects produce two classes of stone constitutively without ill effect. Calcium phosphate is stored in the tubule lumen as concentric "spherites," perhaps to provide a calcium reserve (59) , and the tubule lumen can be packed with uric acid crystals (Fig. 3A) , providing a natural model for urate nephrolithiasis (28) .
Of course, xanthinuria is a relatively rare cause of kidney stones, but the overall problem is massive, with 250,000 emergency room admissions annually in the US alone. The dominant form of stone in humans (ϳ70%) is formed of calcium oxalate. Several genes associated with hyperoxaluria are enriched in the Drosophila tubule ( Table 1 ), suggesting that it might prove a useful model. Indeed, recently it has been shown that oxalate lithiasis can be modeled in Drosophila in response to dietary oxalate loading both in vivo and in vitro (21, 32, 33) . Drosophila Prestin (Slc26a5) has been shown to act as a chloride/oxalate exchanger, analogous to the role of the apical SLC26A6 Cl Ϫ /ox 2Ϫ exchanger in the human kidney (21) . As the tubule is relatively transparent, it has proved possible to watch the nucleation and growth of oxalate crystals in the lumen in real time (Fig. 3C) , offering exciting opportunities not possible in a structured glomerular kidney.
Metabolic disorders. As accumulation of metabolites can contribute to nephrolithiasis, the kidney can be impacted by a range of IEMs (12) . Given the close sequence conservation for most enzymes and transporters, it is perhaps not so surprising to see several such diseases represented with close Drosophila cognates in Table 1 . Generally, these models exist only in silico and have yet to be investigated experimentally. However, given the extraordinary prevalence of some of these IEMs, particularly in certain ethnic and cultural groups (53), the potential availability of simple models may be attractive. For example, classic citrullinemia type I, a urea-cycle defect in argininosuccinate synthase (4), has an incidence of 1:17,000 live births in Saudi Arabia, but is almost unknown in the West. Interestingly, the single Drosophila gene encoding argininosuccinate synthase is exclusively expressed in the tubule, implying that, in contrast to NCBI GEO-documented widespread expression in humans, citrulline handling in Drosophila is a uniquely renal task, providing a compact, single-tissue model (Table 1) .
Things You Can't Do with Drosophila Tubules
There are certain areas for which it would not be sensible to adopt the Drosophila tubule as a model, even though a clear gene homolog exists. For example, although insects show both lateral asymmetry of their viscera (Fig. 1A) (13) and planar cell polarity (56), their cells lack primary cilia, except in sperm and sensory dendrites (30, 42) . Thus ciliary dysfunction, the major cause of polycystic kidney disease, cannot be modeled in tubules (71) . Nonetheless, the TRPP channel gene Pkd2 is expressed in sperm (which have flagella) (68) , and TRPN to the tips of mechanosensory cilia (42) , and so fertility or sensory transduction could be used as a surrogate to screen for primary ciliary function in flies.
Endocrine signaling differs too. Although there are orthologs of enzymes such as angiotensin-converting enzyme (ACE) (36) , there is no recognizable ortholog of the reninangiotensin system. Insect ACE (a dipeptidase with broad specificity) must thus have other targets. Nor is there a clear insect homolog of Klotho, the fashionable anti-aging protein (62) . Neuroendocrine control is via very distant homologs of corticotropin-releasing factor (CRF), calcitonin, tyramine, and some short invertebrate-specific peptides such as CAPA and the insect kinins (Fig. 1C) . These have been reviewed elsewhere (11, 16, 49) . Calcitonin-like and CRF-like peptides signal through cAMP in the principal cell to activate cation conductance. CAPA acts through calcium in the principal cell; however, because this cell also contains a calcium-activated nitric oxide synthase and high levels of cGMP-dependent protein kinase, CAPA also induces downstream elevation of nitric oxide and cGMP to stimulate cation transport. Tyramine and leucokinin both act to stimulate chloride shunt conductance through calcium in the stellate cell. A full range of second messenger pathways are thus amenable to genetic perturbation and phenotypic analysis in this tissue.
Conclusion: A Model for All Reasons
Despite the obvious issues with size and phylogeny, the Drosophila renal system provides a broad phylogenetic fix on conserved aspects of renal function. Importantly, Drosophila brings exquisite transgenic technologies to bear on renal physiology that would be inconceivable in a mammalian model or time prohibitive. The ability to work in an organotypic, rather than cell culture, context provides a valuable bridge from cell biology to organismal function. The high speed and low cost of deployment, combined with readily available mutant stocks, allows nimbleness in progressing appropriate research hypotheses. We have striven to show here that, most importantly, the Drosophila model is relevant to a broad range of fundamental questions and emerging areas in renal development and function.
